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Local inhibitory circuits are thought to shape
neuronal information processing in the central
nervous system, but it remains unclear how specific
properties of inhibitory neuronal interactions trans-
late into behavioral performance. In the olfactory
bulb, inhibition of mitral/tufted cells via granule cells
may contribute to odor discrimination behavior by
refining neuronal representations of odors. Here we
show that selective deletion of the AMPA receptor
subunit GluA2 in granule cells boosted synaptic
Ca2+ influx, increasing inhibition of mitral cells. On
a behavioral level, discrimination of similar odor
mixtures was accelerated while leaving learning and
memory unaffected. In contrast, selective removal
of NMDA receptors in granule cells slowed discrimi-
nation of similar odors. Our results demonstrate that
inhibition of mitral cells controlled by granule cell
glutamate receptors results in fast and accurate
discrimination of similar odors. Thus, spatiotempo-
rally defined molecular perturbations of olfactory
bulb granule cells directly link stimulus similarity,
neuronal processing time, and discrimination
behavior to synaptic inhibition.
INTRODUCTION
When given enough time, rodents are capable of discriminating
even highly similar olfactory stimuli with high accuracy (Abraham
et al., 2004; Rinberg et al., 2006). However, when forced to make
a rapid decision, accuracy is compromised (Rinberg et al., 2006;
Uchida and Mainen, 2003). This phenomenon is widely known in
sensory physiology and is referred to as the speed-accuracytradeoff (Khan and Sobel, 2004; Luce, 1986). In fact, mice can
discriminate simple odors with high accuracy in as little as
200 ms, but require 70–100 ms longer to accurately discriminate
highly similar mixtures of the same odors (Abraham et al., 2004).
The neuronal mechanisms acting during these additional tens of
milliseconds of processing time, capable of resolving highly
similar stimuli, remain unknown. Elucidating these mechanisms
promises fundamental insights into how the olfactory system
achieves fine odor discrimination.
The olfactory world is first represented at the level of the olfac-
tory bulb (OB) as a spatiotemporal pattern of activity of functional
units known as glomeruli (reviewed by Mori et al., 1999; Kauer
and White, 2001; Schaefer and Margrie, 2007). Mitral/tufted cells
(here collectively referred to as mitral cells) receive input from
receptor neurons and also act as output cells of the OB (Shep-
herd and Greer, 1990), with tens of mitral cells being associated
with a single glomerulus. They are synaptically coupled via inhib-
itory interneurons which are arranged in a two-stage network
(Aungst et al., 2003). The OB circuitry is dominated by dendro-
dendritic synapses formed between lateral dendrites of mitral
cells and granule cells (GCs), the most numerous type of inhibi-
tory axonless interneurons in the OB (Shepherd et al., 2007).
Activation of a mitral cell will trigger dendritic release of gluta-
mate onto synaptically coupled GCs, which in turn release
gamma-aminobutyric acid (GABA) to inhibit the same as well
as other mitral cells (Isaacson and Strowbridge, 1998; Jahr and
Nicoll, 1980, 1982a, 1982b; Mori et al., 1999; Nicoll, 1969; Now-
ycky et al., 1981; Phillips et al., 1963; Urban, 2002; Wellis and
Kauer, 1993, 1994). This net-inhibition within and between mitral
cells mediated by GCs plays a pivotal role in various hypotheses
of odor representation and processing (reviewed in Cleland and
Linster, 2005). It is thought to be crucial for synchronization and
establishing slow temporal patterns in mitral cells (Laurent et al.,
2001; Nusser et al., 2001; Schild, 1988). Inhibition might also
enhance contrast in codes relying on the spatial representation
of odors (Leon and Johnson, 2003; Mori et al., 1999; Schild,
1988; Urban, 2002; Yokoi et al., 1995) or sharpen activity onsetNeuron 65, 399–411, February 11, 2010 ª2010 Elsevier Inc. 399
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Figure 1. OB-Specific GluA2 Deletion
(A) Cre-mediated ablation of loxP-flanked trans-
membrane regions 1 and 2 of the GluA2 gene
(M1-2, exon 11, GluA22lox) by AAV-mediated Cre-
expression in the GC layer of the OB (GluA2DGCL).
(B) Specific AAV-mediated expression of Cre re-
combinase in the granule cell layer (GCL) of the
left OB. (B1) Immunodetection of Cre recombinase
in the OB in comparison to the whole brain (DAB-
stained transverse section). Scale bar represents
2.5 mm. (B2) Cre expression in the left OB
compared with a noninjected right side. Scale
bar, 0.5 mm. (B3) Illustration of localization of
Cre-positive cells (red) in the GCL relative to the
mitral cell layer (MCL, green). Cre-positive cells
were derived by thresholding and MCL position
was drawn manually. Scale bar, 100 mm. Box in
(B1) indicates localization of higher magnification
in (B2), box in (B2) shows an example for localiza-
tion of image shown in (B3).
(C) Immunofluorescence overlay showing colocal-
ization of Cre (green) and NeuN (red) in the GCL.
Neurons expressing Cre appear in tones of yellow
and orange, neurons not expressing Cre are red,
and nonneuronal cells expressing Cre are green.
Fraction of GCs expressing Cre: 42% ± 3%
(mean ± SEM, n = 14 samples, taken from seven
AAV-Cre infected mice). Because GCs undergo
constant turnover, the fraction of infected cells is
likely to be higher at the beginning of the experi-
ment. Scale bar, 20 mm.
(D) Immunoblots of AAV-Cre infected (n = 7) and
noninfected (n = 7) whole OB protein detecting
GluA1 and GluA2, with b-actin as a loading control.
GluA1 levels were unchanged compared with
control (97% ± 5%, mean ± SEM, n = 39 samples,
p = 0.6), while the amount of GluA2 protein was
significantly reduced (74% ± 8%, mean ± SEM,
n = 103 samples, p < 0.001, Student’s t test).
See also Figure S1.
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Synaptic Inhibition and Odor Discrimination Time(Margrie and Schaefer, 2003). Despite some understanding of
the cellular mechanisms of inhibitory interactions between mitral
and GCs, the contribution of inhibition to odor discrimination
behavior has remained unresolved.
Synaptic interactions in the OB have been characterized at the
cellular and molecular levels. For example, at the dendroden-
dritic synapse, Ca2+ influx through ionotropic glutamate recep-
tors (iGluR) on GCs can trigger the release of GABA and enhance
inhibition of mitral cells (Chen et al., 2000; Halabisky et al., 2000;
Isaacson, 2001). iGluRs of GCs are both of the fast AMPA and
slow NMDA type (Montague and Greer, 1999; Sassoe-Pognetto
and Ottersen, 2000). NMDA receptors containing the obligatory
GluN1 subunit are highly Ca2+ permeable while AMPA receptors
are rendered Ca2+ impermeable by the subunit GluA2 (previously
referred to as GluR-B or GluR2) (Seeburg et al., 2001), which is
expressed highly in the OB (Montague and Greer, 1999; Sas-
soe-Pognetto and Ottersen, 2000) and is functionally present
in GCs at the dendrodendritic synapse (Isaacson, 2001; Jarde-
mark et al., 1997). Hence, we chose to selectively perturb iGluRs
at the dendrodendritic synapse and monitor the trace of such
local perturbation through Ca2+ imaging, in vitro and in vivo
measurements of inhibition and odor discrimination behavior.400 Neuron 65, 399–411, February 11, 2010 ª2010 Elsevier Inc.Thus, using GC layer-specific perturbations of iGluRs we probed
the neuronal mechanism of odor discrimination in mice.
RESULTS
Granule-Cell-Specific Deletion of GluA2
To directly probe the contribution of the granule cell-mediated
inhibition to odor discrimination, we targeted glutamate recep-
tors in GCs. We first deleted the GluA2 subunit in GCs by viral
expression of Cre recombinase in the OB of mice carrying condi-
tional GluA2 alleles (GluA22lox) (Figure 1A). Spatiotemporal
control was achieved by stereotaxic delivery of recombinant ad-
eno-associated virus encoding the Cre recombinase (AAV-Cre)
into the GC layer (GCL) of the OBs of conditional GluA2 mice
(Figure 1B1). Anti-Cre stains of serially sectioned OB revealed
that infected cells were almost exclusively found in the GC layer
(Figure 1B2, compare non-injected right OB with injected left
OB). Only few Cre-expressing cells were present in the mitral
cell layer (Figure 1B3) and virtually no expression was found in
the anterior olfactory nucleus, lateral olfactory tract and piriform
cortex (Figures S1A2 and S1B). Five to six weeks after injection,
almost half of the neurons in the GCL were infected (Figure 1C).
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Figure 2. Increased Ca2+ Inflow into Granule Cells Lacking GluA2
(A) Scheme showing recording configuration (red-filled GCs represent virally labeled GC, patch pipette [green], mitral cells [black/gray], and electrical stimulation
at GL). Image shows GC of a P36 GluA2DGCL mouse imaged with two-photon microscopy. In this case, AAV-Cre-2A-Kusabira Orange was used to express Cre
recombinase and Kusabira Orange simultaneously, facilitating targeted patch-clamp recordings from GCs lacking GluA2. Granule cells were filled with 100 mM
OGB-1 (signal in large panel) after identification of Kusabira Orange expression in the soma (inset, red).
(B) Top panel: Individual synaptic fluorescence transients (DF/F) recorded from the spine (thick trace) and its adjacent dendrite (gray trace). Corresponding
voltage traces shown directly beneath. Lower panel: Averaged fluorescence and voltage signals (n = 3 [cntrl], n = 13 [DGluA2]). Stimulation artifact marked at
the bottom. Trace shown in the upper right panel obtained from the spine marked by a red arrow in (A).
(C) Histograms of the amplitudes of individual synaptic responses in mouse GCs with unperturbed GluA2 (black; n = 20 events) and GluA2 deletion (red; n = 27 events).
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Synaptic Inhibition and Odor Discrimination TimeTo assess the functionality of Cre-expression, we quantified the
amount of GluA2 by immunoblotting the total protein of the entire
OB taken from mice at least 5 weeks after infection with AAV-
Cre, the time required to complete the behavioral protocol
used to determine odor discrimination times (ODTs, see below).
The amount of GluA2 protein was decreased by almost 25%
relative to control (Figure 1D). This magnitude of reduction is
consistent with the high abundance of GluA2 in the nonaffected
glomerular layer (Figure S1C) and the expression of Cre recom-
binase in approximately 40% of the neurons in the GC layer.
Notably, the amount of other AMPA receptor subunits such as
GluA1 remained unchanged (Figure 1D). A reduction of GluA2
in the GCL of GluA22lox mice injected with AAV-Cre was also
detectable using immunohistochemistry (Figure S1D). Hence,
a significant number of GCs were infected, yielding a prominent
and selective reduction of GluA2 expression predominantly in
GCs of the OB.
Because deletion of GluA2 might affect synaptic interactions
indirectly by altering cell morphology (Passafaro et al., 2003;
Saglietti et al., 2007), we examined Cre-expressing and unper-
turbed GCs of GluA22lox mice. Granule cells lacking GluA2 did
not show gross morphological alterations, with the number of
spines per length of dendrite remaining unchanged (Figures
S1E–S1G). Hence, the results demonstrate that AAV-mediatedexpression of Cre in mice with conditional GluA2 alleles resulted
in a significant reduction of GluA2 expression in >40% of the
GCs, while maintaining general GC morphology. We refer to
mice such treated as GluA2DGCL.
Increased Ca2+ Inflow into Granule Cells Lacking GluA2
Removal of GluA2 from neurons has been shown to increase
glutamate-mediated Ca2+ inflow in neuronal tissue other than
the OB (Brusa et al., 1995; Feldmeyer et al., 1999; Jia et al.,
1996). Together with Ca2+ entering through voltage-dependent
Ca channels and Ca2+ released from internal stores (Egger
et al., 2005), the resulting Ca2+-load may modulate GABA
release (Chavez et al., 2006), with more Ca2+ causing increased
GABA release and stronger inhibition of mitral cells (Chen et al.,
2000; Halabisky et al., 2000; Isaacson, 2001; Isaacson and
Strowbridge, 1998).
To test this, we compared Ca2+ transients elicited by glomer-
ular stimulation in GC spines, also known as gemmules, of wild-
type and GluA2-depleted GCs. Simultaneous viral expression of
Cre recombinase and Kusabira Orange (Tang et al., 2009) was
used to identify GluA2-depleted GCs. Cells were patched with
pipettes containing 100 mM OGB-1 and mitral cells were stimu-
lated in the glomerular layer (Figure 2A, Egger et al., 2005). The
dendritic tree of electrically responsive GCs was scanned forNeuron 65, 399–411, February 11, 2010 ª2010 Elsevier Inc. 401
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(A) Scheme of in vivo patch-clamp recordings from
mitral cells in the OB.
(B) Examples of in vivo patch-clamp recordings
from mitral cells and stimulus paradigms used.
Recurrent IPSPs were evoked by eliciting 10 or
20 APs and were blocked by application of
blockers of GABAergic (500 mM gabazine, left) or
glutamatergic (500 mM APV and 500 mM NBQX,
right) synaptic transmission.
(C) Examples of in vivo patch-clamp recordings
from a mitral cell in control (left) and GluA2DFB
(right) mice. Twenty APs were evoked and traces
were averaged as described in Supplemental
Information.
(D) Averaged recurrent IPSP traces from n = 9 cells
(control) and n = 15 cells (GluA2DFB) recorded from
as shown in (C). Gray lines indicate SEM between
cells.
(E) IPSP amplitude is proportional to stimulus
strength and stronger in mitral cells of GluA2DFB
mice (**p < 0.005, *p < 0.05, one-tailed t test).
See also Figures S2 and S3.
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Synaptic Inhibition and Odor Discrimination Timegemmules producing postsynaptic Ca2+ transients (Figure 2B).
These transients were limited to the gemmule (Figure 2B, gray
versus black/red curves) and were not detectable in the adjacent
dendritic shaft. The average DF/F amplitude in control mice was
53% ± 42% (n = 15 spines in 11 GCs). Although the magnitude of
the Ca2+ transients was within the same range in adult mice
compared with our previous data from juvenile rats, we found
a lower efficiency of synaptic transmission and a slower evolu-
tion of the spine Ca2+ signal in mice. The distribution of the indi-
vidual synaptic events was irregular, with mostly smaller and a
few large events, reflected in a median value of 33% and a skew-
ness of 2.54 (Figure 2C). In GluA2-depleted GCs, the average
DF/F amplitude was 73% ± 17% (n = 8 spines in 4 GCs), with
the distribution of the individual events shifted to the right
(Figures 2B and 2C). Thus, GluA2-depleted GCs showed a signif-
icantly larger Ca2+ signal than wild-type cells (p < 0.01, Mann-
Whitney).
In summary, selective deletion of GluA2 in GCs increased
synaptic Ca2+ transients in gemmules, the site of dendroden-
dritic communication.
Increased Recurrent Inhibition In Vivo
The increased Ca2+ transient predicts an increased GABA
release from the gemmule and thus stronger recurrent inhibition
of mitral cells. To ensure anatomical integrity of the entire inhib-402 Neuron 65, 399–411, February 11, 2010 ª2010 Elsevier Inc.itory network formed by GCs and mitral
cells, we measured recurrent inhibition
in vivo (Margrie et al., 2001) under ket-
amine/xylazine anesthesia (Figure 3A).
Whole-cell recordings were established
from mitral cells of GluA2DFB mice and
littermate controls (see Experimental
Procedures for details). Neither average
membrane potential (Vcntrl = 61.3 ±
6.0 mV, n = 9, VGluA2 = 54.6 ± 4.0 mV, n = 15, p = 0.33,
Mann-Whitney) nor cellular parameters such as input resistance
(Rcntrl = 54.3 ± 10.5 MU, n = 9, RGluA2 = 62.2 ± 6.4MU, n = 15, p =
0.61, Mann-Whitney) or time constant (tcntrl = 7.1 ± 1.1 ms, n = 9,
tGluA2 = 9.8 ± 1.2, n = 13, p = 0.14, Mann-Whitney) nor sensory
parameters such as oscillation amplitude (Margrie and Schaefer,
2003; Acntrl = 5.4 ± 1.3 mV n = 9, AGluA2 = 4.4 ± 0.9 mV, n = 15,
p = 0.65, Mann-Whitney) or oscillation frequency (fcntrl = 3.0 ±
0.8 Hz, n = 9, fGluA2 = 2.9 ± 0.4 Hz, n = 15, p = 0.92, Mann-Whit-
ney) were different, suggesting that the overall functionality of
mitral cells as well as basic network properties were unaltered.
We then elicited 2–20 action potentials by brief current injec-
tions and recorded the hyperpolarizing response. As demon-
strated before (Isaacson and Strowbridge, 1998; Jahr and Nicoll,
1982a; Margrie et al., 2001) this protocol elicits disynaptic recur-
rent inhibition as the evoked hyperpolarization is blocked by
GABAA antagonists and blockers of glutamatergic synaptic
transmission, and reversed by increased intracellular chloride
concentration (Figure 3B, Isaacson and Strowbridge, 1998;
Jahr and Nicoll, 1982a; Margrie et al., 2001). For 20 elicited
action potentials, such recurrent inhibitory postsynaptic poten-
tials (IPSPs) had an amplitude of 2.9 ± 0.3 mV (n = 9) in wild-
type mice (Figures 3C and 3D, black trace). Strikingly, GluA2DFB
mice showed a significantly increased recurrent IPSP of 4.2 ±
0.4 mV (n = 15, p < 0.05, Mann-Whitney, Figures 3C and 3D,
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Figure 4. GluA2 Deletion Results in Increased Recur-
rent Inhibition In Vitro
(A) Responses of mitral cells in OB slices from control (black)
and GluA2DGCL (red) elicited by 20 APs. Averaged traces of
11 control cells (C57BL6 and GluA2 littermate controls) and
13 GluA2DGCL cells are shown as gray and pink traces,
respectively. SEM shown as dotted line.
(B) Peak amplitudes of IPSPs (mean ± SEM). The peak ampli-
tude was determined within a 500 ms time window in each
individual trace resulting in a higher mean as shown in A
(2.76 ± 0.35 mV, n = 11 cells [C57BL6 and GluA2 littermate
controls], 4.55 ± 0.48 mV, n = 13 cells [GluA2DGCL], p < 0.01,
Mann-Whitney).
(C) Decay time constants of IPSPs (mean ± SEM): 575 ± 47
ms, n = 11 cells (C57BL6 and GluA2 littermate controls),
1199 ± 120 ms, n = 13 cells (GluA2DGCL), p = < 0.0001,
t test. See also Figure S4.
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Synaptic Inhibition and Odor Discrimination Timered trace), further illustrated in the overlay of an average of all
experiments in wild-type and GluA2DFB mice (Figure 3D).
Because recurrent inhibition amplitudes could be strongly
affected by local IPSP fluctuations we also analyzed the data
by fitting the recurrent IPSP with an a-function template fit and
by determining the integral of the IPSP (Figure S2). Both analyses
yielded a substantial and highly significant difference between
wild-type and GluA2DFB mice (Figures 3D and S3). To assess
the activity dependence of recurrent inhibition, we quantified
recurrent IPSPs evoked by ten, five, and two APs as well. While
the amplitude decreased with decreasing AP number, in virtually
every case and for all three measures did GluA2 deletion result in
a substantially increased IPSP magnitude (Figure 3E). Therefore,
GluA2 deletion from GCs caused a robust increase in recurrent
inhibition in mitral cells in the intact network in vivo.Increased Recurrent Inhibition In Vitro
To exclude GC glutamatergic inputs arising from piriform cortex
feedback or mitral cell axon collaterals, we repeated these
experiments in isolated olfactory bulb slices from GluA2DGCL
mice. Figure 4 shows that the same protocol as used in vivo
also resulted in hyperpolarization of mitral cells in vitro. To study
the hyperpolarizing effect in detail, we also performed a series
of pharmacological experiments in control mice. The response
was blocked by gabazine (66.4% ± 5.1% block, n = 11 cells)
and APV (39.4% ± 5.8% block, n = 10 cells), as well as bath-
loading of the membrane permeable Ca2+ chelator BAPTA-
AM (61.2% ± 5.2% block, n = 12 cells) (Figures S4A and S4B),
suggesting that the hyperpolarization reflects mostly recurrent
inhibition (Isaacson and Strowbridge, 1998). Selective GluA2
ablation in GCs resulted in a significant increase in recurrent
inhibition amplitude and decay time constant (Figures 4B and
4C). This increase must be due to intrinsic bulbar circuits,
because the slicing procedure removed all neuronal connec-
tions between the OB and cortex. Furthermore, in most of the
recordings we found only a short axon, often ballooned at its
severed end due to the slicing procedure (Figure S4C). This
makes functional local recurrent axon projections targeting
GCs connected to the same mitral cell highly unlikely. There-
fore, consistent with the fact that the genetic manipulation did
not affect mitral cells, these data demonstrate that recurrentinhibition mediated by the dendrodendritic synapse is increased
in GluA2DGCL mice.Odor Discrimination Behavior of GluA2DGCL Mice
Having obtained a highly localized modification of OB GCs re-
sulting in increased Ca2+ influx in GC spines and consequently
increased GC-mediated inhibition of mitral cells in vitro and
in vivo, we are now in a position to investigate the behavioral
consequences of such targeted alteration to the OB inhibitory
network.
We trained a cohort of mice on odor discrimination using go/
no-go operant conditioning (Figure S5A, Abraham et al., 2004).
To control for possible nonspecific effects of surgery, stereotaxic
procedure or overexpression of Cre recombinase, we compared
the GluA2DGCL mice with two control groups: GluA22lox mice
injected with PBS and C57BL6 mice injected with AAV-Cre.
Mice first learned to discriminate cineol (C) from eugenol (E) to
become familiar with the olfactory operant conditioning task.
After 1200 trials, mice could discriminate C from E with an accu-
racy of95% (Figure 5A). Discrimination of a second simple odor
pair amyl acetate (AA) and ethylbutyrate (EB) was readily accom-
plished thereafter reaching an accuracy of95%. Subsequently,
mice learned to discriminate a difficult stimulus consisting of
a binary mixture of AA and EB (60% AA + 40% EB versus 40%
AA + 60% EB). Although >90% accuracy of discrimination was
readily reached, mice needed longer training to reach this level
(Abraham et al., 2004). These results were reproduced in a repe-
tition of AA/EB simple and difficult discrimination tasks at the end
of the experiment. In the final 300 trials of the simple and mixture
discrimination (color coded bars), mice reached a saturating
performance exceeding 95% accuracy (Figure 5B). During the
entire experiment, the intertrial interval was indistinguishable in
all experimental groups (Figure S5B), suggesting comparable
motivational conditions. Furthermore, learning curves were indis-
tinguishable between the groups (Figure 5A, p > 0.4 for
comparing the ‘‘normalized integration values’’ [NIV], Doucette
et al., 2007, see Experimental Procedures). Hence, both control
and GluA2DGCL mice could learn to discriminate simple odors
and difficult mixtures equally well and with high accuracy.
Memory was tested after the first AA/EB episode (trials 1300
to 2400) by introducing another odor pair, pelargonic acid (Pel)Neuron 65, 399–411, February 11, 2010 ª2010 Elsevier Inc. 403
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Figure 5. OB-Specific GluA2 Deletion
Accelerates Discrimination of Similar Odors
and Does Not Affect Learning and Memory
(A) Accuracy shown as the percentage of correct
choices for simple odor pairs (each 1% in mineral
oil): cineol (C), eugenol (E), amyl acetate (AA), ethyl
butyrate (EB), pelargonic acid (Pel), valeric acid
(Val). Difficult mixture: 0.4% AA/0.6% EB versus
0.6% AA/0.4% EB. Colored bars depict trials
taken for quantitative analyses in panels (B)–(D).
Learning performance was indistinguishable
between the groups (ANOVA, F = 0.85, p = 0.4).
(B) Accuracy (mean ± SEM). No difference was
observed in performance levels of GluA2DGCL
(98% ± 1%, n = 11) and control mice (97% ± 1%,
n = 13) for simple odors (p = 0.4, Mann-Whitney)
and similar odor mixtures (GluA2DGCL 96 ± 2%,
n = 11, control mice, 95% ± 2%, n = 13 p = 0.5,
Mann-Whitney). The two groups of control mice
were pooled.
(C) Memory (mean ± SEM) after 2 weeks for cineol
versus eugenol in GluA2DGCL (red bar, n = 11) and
control (black bar, n = 13) mice was indistinguish-
able (p = 0.3, Student’s t test).
(D) Discrimination time (mean ± SEM). GluA2DGCL
(211.7 ± 10.9 ms, n = 11) and control mice (222.5 ±
6.8 ms, n = 13) did not differ significantly for simple
odors (p = 0.4, Student’s t test), but discrimination
time was substantially reduced for similar odor
mixtures when comparing GluA2DGCL (257.1 ±
15.2 ms, n = 11) with control mice (311.1 ± 11.8 ms,
n = 13 p < 0.01, Student’s t test). See also
Figure S5.
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Synaptic Inhibition and Odor Discrimination Timeversus valeric acid (Val). Again, mice acquired this task equally
well than the preceding AA/EB task (Figure 5A). During the final
140 Pel/Val trials, mice were intermittently challenged with
discrimination of the C/E odor pair, which they had learned
2 weeks earlier (Shimshek et al., 2005). Both groups of mice
remembered the previously learned odor pair in >80% with
indistinguishable memory performance (Figure 5C).
As described previously, ODTs were determined for the final
300 trials, at a stage of stable performance (see Figures 3 and
4 in Abraham et al., 2004). The two control groups mentioned
above did not show detectable differences (AA versus EB:
227 ± 14 ms in GluRA22lox mice injected with phosphate-
buffered saline [PBS] [n = 5], and 220 ± 8 ms in C57BL6 mice
injected with AAV-Cre [p = 0.6, n = 8]; similar mixtures: 301 ±
12 ms and 317 ± 18 ms, respectively [p = 0.5], Student’s t test;
furtheron, control groups were pooled), suggesting that neither
Cre recombinase nor the stereotaxic injection influenced the
performance. Strikingly, GluA2DGCL mice discriminated the
binary mixtures about 50 ms faster than control mice without
significantly improving the discrimination of simple odors
(Figure 5D). At first glance, this 17% decrease in ODT appears
to be a rather small change. In control animals, however, odor
discrimination of highly similar stimuli required 70–100 ms longer
than discrimination of simple odors. This additional temporal
requirement is reduced by a factor of two in GluA2DGCL, indi-404 Neuron 65, 399–411, February 11, 2010 ª2010 Elsevier Inc.cating a substantial improvement of the processes crucial for
the refinement of odor representations.
In conclusion, deletion of the GluA2 subunit in approximately
40% of the OB GCs yielded faster discrimination of highly similar
mixtures with uncompromised accuracy. This gain-of-function
phenotype was only evident in the task for similar odor mixtures,
but not simple odors. Such a pattern would indeed be expected
for a mechanism enhancing differences in highly similar odor
representations by inhibitory synaptic interactions (Cleland and
Linster, 2005; Laurent et al., 2001; Leon and Johnson, 2003;
Margrie and Schaefer, 2003; Mori et al., 1999; Schild, 1988;
Shepherd and Greer, 1990; Urban, 2002).
Granule-Cell-Specific Deletion of GluN1
After determining the cellular and behavioral consequences of
deleting the GluA2 subunit in GCs of the OB, we set out to study
the effects of removing the GluN1 subunit in GCs. This perturba-
tion will reduce functional NMDA receptors, the only direct
source of GluR-mediated synaptic Ca2+ influx in GCs containing
a normal complement of GluA2 subunits. Deletion of the GluN1
subunit was achieved by viral expression of Cre recombinase
in mice with conditional GluN1 alleles (GluN12lox) resulting in
GluN1DGCL mice (Figure 6A). Again, the GC layer was homoge-
neously infected with AAV-Cre yielding an infection rate of
approximately 45% (Figure 6B), and only very few cells in the
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Figure 6. OB-Specific GluN1 Deletion
(A) AAV-Cre-mediated ablation of loxP-flanked transmembrane regions 1, 2, and 3 of the GluN1 gene (M1-3, Exons 11-18, GluN12lox) by AAV-mediated
Cre-expression in the granule layer of the OB (GluN1DGCL).
(B) Immunofluorescence detection of Cre in the OB (see also legend to Figure 1C). The fraction of GCs expressing Cre was 45% ± 3% (mean ± SEM, n = 9
samples, taken from two AAV-Cre infected mice). Scale bar, 20 mm.
(C) Quantification of immunoblots of AAV-Cre infected (n = 2) and noninfected (n = 6) whole OB protein detecting GluA1, GluN1 and b-actin. GluA1 levels were
unchanged compared with control (92% ± 8%, mean ± SEM, n = 11 samples p = 0.3), while the amount of GluN1 protein was significantly reduced (68% ± 6%,
mean ± SEM, n = 22 samples, p < 0.001, Student’s t test).
(D) In vitro whole-cell recording of evoked EPSPs in uninfected GC (D1) and GC with GluN1-deletion (D2). Time of glomerular stimulation marked by arrow;
stimulus artifact is blanked; membrane potential approximately 80 mV, see text for details). (D3) Quantification of decay kinetics (tcntrl = 39.4 ± 4.0 ms,
n = 7 versus tGluN1 = 23.9 ± 4.9 ms, n = 7, p < 0.05 [*]).
(E) Quantification of sEPSP decay kinetics. In control animals sEPSPs were significantly sped up by application of APV (tAPV = 25.0 ± 2.7 ms versus tNoDrug =
32.6 ± 3.9 ms, n = 7, p < 0.005 [*]), whereas in DGluN1 no change was observed (tAPV = 24.7 ± 4.1 ms versus tNoDrug = 23.0 ± 4.4 ms, n = 3, p = 0.3). The speeding
up of the EPSP kinetics with APV was significantly stronger in control animals (ratio NoDrug/APV = 1.31 ± 0.06 for control versus 0.93 ± 0.04 for DGluN1;
p < 0.002). See also Figure S6.
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Synaptic Inhibition and Odor Discrimination Timemitral cell layer expressed Cre recombinase. Quantitative immu-
noblotting showed that the amount of GluN1 subunit protein was
reduced by 33% (Figure 6C). Again, GluA1 expression remained
unaffected, suggesting the absence of global compensatory
effects on AMPA receptors.
Physiologically, synaptic responses to glomerular stimula-
tion of mitral cells (Egger et al., 2005) could be elicited in
both control and GluN1-deleted cells (Figure 6D). GluN1-
deleted cells rested at the same membrane potential as GCsfrom control animals (82 ± 5 mV, n = 9, versus 79 ± 3 mV,
n = 17, p > 0.1). The decay half-duration of evoked excitatory
postsynaptic potentials (EPSPs) was significantly accelerated
in DGluN1 GCs compared with control and uncorrelated to
membrane potential (r2 < 0.1, p > 0.5), consistent with the abla-
tion of the GluN1 subunit (Figure 6D). To obtain further evidence
for this, we tested if the decay kinetics of the EPSPs in DGluN1
GCs was sensitive to APV. Because APV application would
also affect glomerular stimulation and thereby occlude effectsNeuron 65, 399–411, February 11, 2010 ª2010 Elsevier Inc. 405
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Figure 7. OB-SpecificGluN1Deletion Slows
Discrimination of Similar Odors and Does
Not Affect Learning and Memory
(A) Learning curves as in Figure 5A.
(B) Accuracy shown as the percentage of correct
choices (mean ± SEM). No difference observed
in performance levels of GluN1DGCL (94.6% ±
1%, n = 10) and control mice (96.8% ± 1%, n = 9)
for simple odors (p = 0.2, Student’s t test) and
similar odor mixtures (GluN1DGCL (90% ± 1.8%,
n = 10, control mice, 92.7% ± 2.1%, n = 9,
p = 0.4, Student’s t test).
(C) Memory (mean ± SEM) after 2 weeks for cineol
versus eugenol inGluN1DGCL mice (red bar, n = 10)
and control (black bar, n = 9) mice was not signifi-
cantly different (p = 0.1, Student’s t test).
(D) Discrimination time (mean ± SEM). GluN1DGCL
(249.3 ± 22.6 ms, n = 10) and control mice
(232.1 ± 15.9 ms, n = 9) did not differ significantly
for simple odors (p = 0.5, Student’s t test), but
discrimination time was significantly increased for
similar odor mixtures when comparing GluN1DGCL
(378.3 ± 15.4 ms, n = 10) with control mice (316.2 ±
18.4 ms, n = 9, p < 0.05, Student’s t test). See also
Figure S5.
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Synaptic Inhibition and Odor Discrimination Timeon the dendrodendritic synapse, we examined APV effects on
spontaneous EPSPs. We found that sEPSPs were significantly
faster in GCs with GluN1-deletion (Figure S6A) and unaffected
by bath application of the NMDA receptor antagonist APV
(Figures 6E and S6B). The robust contribution of NMDA
currents to the EPSP at hyperpolarized potentials might be
explained by a strong local depolarization of the spine indepen-
dent of the membrane potential recorded at the soma of the
neuron (Egger et al., 2005). Together, these results indicate
a successful functional ablation of the slow NMDA receptor in
GCs.
In 12 GC spines with deleted GluN1-subunits that responded
to mitral cell activation, the average DF/F was reduced to 34% ±
10% (compared with 53% ± 42% in control animals) and sig-
nificantly less variable (absolute deviation from mean 10.0% ±
1.5% compared with 23.7% ± 6.4% in control animals, p <
0.03). In particular, there were no large events, yielding a median
value of 36%, a negligible skewness of 0.10, and an 80th
percentile of responses that was reduced by half compared
with control (52.4% ± 9.6% compared with 107.3% ± 54.5%,
p < 0.03, one-tailed t test). We estimate that the actual decrease
in Ca2+ influx might be even larger, because DF/F values below
15% are generally not detectable. Finally, we recorded re-
current IPSP amplitudes in brain slices of GluN1DGCL mice.
Consistent with the accelerated EPSP and reduced Ca2+ influx406 Neuron 65, 399–411, February 11, 2010 ª2010 Elsevier Inc.in GCs, recurrent IPSPs of mitral cells
showed a tendency to be reduced after
GluN1-deletion compared with control
(Figure S6C).
Thus, although the physiological
impact of GluN1 ablation is less pro-
nounced than deletion of GluA2, the func-tional effect of GluN1 deletion was seen in alterations of EPSP
kinetics and susceptibility to APV as well as in a reduced
synaptic Ca2+ transient. Evoked recurrent IPSPs in the
GluN1DGCL mice displayed a trend opposite to the one found in
GluA2DGCL mice.
Following the same paradigm as described above for
GluA2DGCL mice, GluN1DGCL and control mice readily acquired
the simple and mixture discrimination tasks and achieved
maximal discrimination accuracy (Figures 7A and 7B). Overall
learning performance was not significantly different between
control and GluN1DGCL mice (NIV, p > 0.2, see Experimental
Procedures). Memory was not significantly affected (Figure 7C).
However, ODTs revealed an increase by about 60 ms in the
mixture discrimination task without significantly altering the
discrimination of simple odors, suggesting that NMDA receptor
function at the dendrodendritic synapse is essential for fast
discrimination of similar odors (Figure 7D).
DISCUSSION
Our study took advantage of spatiotemporally defined deletions
of iGluRs in GCs of the olfactory bulb by combining conditional
gene deletion and viral expression of Cre recombinase. This
approach facilitated the interpretation of behavioral results and
allowed conclusions with respect to OB function unbiased by
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Figure 8. Bidirectional Shifts of Odor Discrimination Time
(A) Cumulative probabilities of odor discrimination times for simple odors (thin
lines) and mixtures (thick lines). Discrimination times determined for controls
(black, both from Figure 5 and Figure 7), GluA2DGCL (red) and GluN1DGCL
(green) mice.
(B) Dendrodendritic inhibition. Averaged traces of control (black), GluA2DGCL
(red) and GluN1DGCL (green) shown in Figures 4A and S6C. Horizontal lines
indicate a level of 2 mV inhibition.
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Synaptic Inhibition and Odor Discrimination Timecontributions of iGluR in other brain regions or during develop-
ment. Deletion of iGluRs in GCs, the predominant inhibitory inter-
neurons of the OB, resulted in bidirectional changes of odor
discrimination time: GluA2DGCL mice required 50 ms less
time (Figure 8A, bold red line) than control mice (bold black
line) to discriminate odor mixtures, while GluN1DGCL mice
needed 60 ms longer (bold green line). These differences
were only found in difficult discrimination tasks, consistent with
the idea that inhibitory synaptic interactions improve discrimina-
tion of similar stimuli, but may not be needed to discriminate
dissimilar stimuli (Figure 8A, bold lines versus thin lines). Our
in vitro and in vivo recordings from mitral cells of GluA2-deleted
mice demonstrated that recurrent inhibition was markedly
potentiated, suggesting that accelerated odor discrimination
was caused by increased inhibition of mitral cells. While discrim-
ination time changed bidirectionally, discrimination accuracy
remained unaffected, suggesting that inhibitory interactions
between mitral cells and GCs optimize speed-accuracy tradeoff
such that the best possible decision can be secured in the fastest
possible manner. We also found that learning of new tasks was
not affected by deletion of iGluR in GCs, suggesting that at
least subtle alterations of stimulus representations by inhibitory
interactions between mitral cells and GCs are not necessary
to support acquisition of a new discrimination task. Once mice
had learned a task, deletions of iGluRs in GCs did not affect
the retrieval of memories of previously learned tasks, while
forebrain-specific deletion of GluA2 promoted learning and
decreased memory (Shimshek et al., 2005). These observations
distinguish the main OB as the place of odor representation, en-
coding and primary processing, from higher order processing
such as olfactory learning and memory predominantly taking
place in downstream brain areas. In conclusion, our results
provide a direct link between defined molecular perturbations,
GC Ca2+ signals, synaptic inhibition, stimulus configuration,
and discrimination behavior mediated by the OB.Granule Cell Specificity of the Molecular Perturbations
Spatiotemporal control of gene deletion was achieved by
stereotaxic injection of virus solution designed to infect the GC
layer of the OB. Hence, geometry of the tissue and its demarca-
tion to adjacent regions are important factors governing
specificity. Although this approach is not perfect, our injections
were mostly limited to the GC layer of the OB with only few cells
transduced outside this area. This specificity may simply be due
to the geometry of the injection site or amplified by, for example,
a glial sheath separating the granule cell layer from mitral
cell layer.
The GC layer contains a heterogenous population of GCs, and
also other, rarer neuronal cell types such as Blanes cells (Press-
ler and Strowbridge, 2006) or deep short axon cells (Eyre et al.,
2009). However, their small number and mode of connectivity
make the latter cells unlikely mediators of the altered inhibition
onto mitral cells or the behavioral effects shown here.
Thus, our perturbations affected mostly GCs and hence we
refer to the gene deletions performed in this study as ‘‘GC
specific.’’
Cellular Consequences of iGluR Deletion
in Granule Cells
Deleting the GluA2 subunit from GCs impacts glutamatergic
transmission in several ways. First, Ca2+ permeability increases
substantially, providing a stronger local glutamate-induced Ca2+
signal (Figure 2). This may directly promote the release of
GABA from synaptic vesicles adjacent to the postsynaptic
density of the gemmule, and may therefore underlie a substantial
portion of the increased recurrent IPSP (Figures 3 and 4).
Second, the doubly rectifying current-voltage relation of AMPA
receptors devoid of GluA2 may generate a situation in which
inflow of Na+ and Ca2+ will predominantly occur after periods
of reduced activity, when the membrane potential is more
strongly hyperpolarized. Third, the increased conductance of
these receptors may result in stronger depolarization and there-
fore increased recruitment of voltage-gated Ca2+ channels,
which in turn facilitates GABA release.
Beyond such considerations, an effect of GluA2 deletion on
the recruitment of other AMPA receptor subunits and synapse
morphology needs to be considered (Passafaro et al., 2003).
However, we could not find any differences in GC morphology
or number of spines in vivo, suggesting that the overall synaptic
morphology was not affected by GluA2 deletion in GCs.
Deleting the GluN1 subunit from neurons results in a complete
loss of functional NMDA receptors. Consequently, the predomi-
nant glutamate-mediated inflow pathway for direct synaptic
Ca2+ will be abolished. In line with this, we found a reduction of
synaptic Ca2+ events in GluN1DGCL mice. Furthermore, the lack
of NMDA-receptor-mediated Na+ inflow, which can be substan-
tial in the physiological situation due to the activation of NMDA
receptors for several hundred milliseconds, is predicted to result
in a strongly shortened EPSPs (see e.g., Figure 6) and decreased
depolarization of the GC. Subsequent activation of voltage-
gated Ca2+ channels will be reduced resulting in a decrease of
GABA release and reduced inhibition of the mitral cell.
In summary, Ca2+ entry and depolarization will be increased by
deletion of GluA2 but decreased by deletion of GluN1. This willNeuron 65, 399–411, February 11, 2010 ª2010 Elsevier Inc. 407
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inhibition. The former could be directly demonstrated by
in vitro as well as in vivo recordings of the recurrent IPSP.
Synaptic Inputs to Granule Cells Originating
from Structures Other than Mitral Cell Dendrites
In addition to the glutamatergic input via the reciprocal synapse,
at least two other sources of glutamatergic inputs exist onto
GCs: collaterals of the mitral cell axon and numerous centrifugal
projections (Balu et al., 2007). Both types of synaptic connec-
tions are preferentially situated closer to the soma of GCs and
not necessarily adjacent to GABA release sites. Thus, for such
glutamatergic inputs, deletion of GluA2 or GluN1 in GCs would
potentially result in a modulation of global GC function, and
thereby might gate the dendrodendritic synapse (Balu et al.,
2007). In our in vivo recordings, these connections could in prin-
ciple contribute to the increased inhibition we observed. Their
contribution, however, is unlikely to be substantial, as in vitro
recordings clearly demonstrated that properties directly of the
dendrodendritic synapse were altered: Ca2+ influx in GC
gemmules was increased upon electrical stimulation in the
glomerular layer and recurrent inhibition was increased after
direct mitral cell stimulation. In both approaches, connections
to higher-order olfactory centers were disrupted and a majority
of mitral cell axons were severed by the slicing procedure. There-
fore, our data are consistent with the idea that ablation of iGluRs
in the GCL significantly perturbed dendrodendritic inhibition via
alterations in synaptic Ca2+ influx at the dendrodendritic
synapse.
Local Inhibitory Synaptic Interactions
and Processing Time
Perturbations of iGluRs resulting in opposite cellular effects
caused an increase or decrease in ODT of similar stimuli, while
leaving the accuracy of odor discrimination as well as learning
and memory unchanged (Figures 5 and 7). Here, we measured
GC-mediated inhibition onto mitral cells in vitro and in vivo, in
the latter case maintaining full connectivity of mitral and GCs.
Granule-cell-mediated inhibition is a key player in a variety of
models of odor processing (Cleland and Linster, 2005; Laurent
et al., 2001; Leon and Johnson, 2003; Margrie and Schaefer,
2003; Mori et al., 1999; Nusser et al., 2001; Schild, 1988; Shep-
herd and Greer, 1990; Urban, 2002) and may thus represent
the substrate of the stimulus-dependent changes in processing
time described here. We provide experimental evidence in vivo
that iGluRs control inhibitory gain in the dendrodendritic
synapse and that such gain defines ODT in a bidirectional
manner, with a larger gain resulting in stronger inhibition and
faster discrimination.
Further support for a central role of inhibition arises from our
observation that removal of GluA2 resulted in an accelerated
ODT when mice discriminated highly similar odor mixtures while
remaining unchanged when mice discriminated simple odors.
This pattern is consistent with the idea that simple odors
produce distinct spatiotemporal patterns of activity (Abraham
et al., 2004; Schaefer and Margrie, 2007; Spors and Grinvald,
2002) that can be readily distinguished with minimal processing
by the olfactory system. In contrast, highly similar odor mixtures408 Neuron 65, 399–411, February 11, 2010 ª2010 Elsevier Inc.produce overlapping and highly similar activity patterns
(Abraham et al., 2004), perhaps revealing a need for neuronal
mechanisms of pattern separation as a prerequisite for accurate
odor discrimination. Our results strongly suggest that inhibitory
synaptic interactions between GCs and mitral cells can subserve
this role. Based on our observations that ODT can be decreased
by 50 ms or increased by 60 ms, we predict that the OB
circuitry integrates and shapes odor-evoked excitation over
such time periods, until the processed activity patterns are suffi-
ciently different for neuronal networks downstream of the OB to
yield highly accurate discrimination (Laurent et al., 2001).
The question remains how the molecular and cellular changes
translate into increases or decreases of ODT in the range of tens
of milliseconds. Assuming that inhibition has to reach a certain
magnitude to affect early olfactory processing (e.g., horizontal
lines in Figure 8B), this level would be reached approximately
50 ms faster in GluA2-deleted cells and approximately 70 ms
slower in GluN1-deleted cells compared with control cells
(Figure 8B). Therefore, simply the speed of inhibition build-up
in mitral cells, governed by the specific properties of the dendro-
dendritic synapse, may underlie shifts in ODT in the temporal
range. Alternatively, increased or decreased inhibition might
result in more, respectively less efficient spatiotemporal
patterning, thus reducing or increasing the time needed to inte-
grate in downstream structures.
Alterations of OB Inhibitory Interactions
Do Not Impact Learning and Memory
The GC-specific deletion of iGluRs demonstrated a role of the
OB in early processing of odor representations. Our previous
work showed that deletion of GluA2 in the entire forebrain also
resulted in accelerated learning but additionally impaired
memory (Shimshek et al., 2005). The impaired memory was
partially rescued by overexpression of GluA2 in the piriform
cortex (Shimshek et al., 2005), whereas we show here that alter-
ations restricted to OB GCs do not significantly impact on olfac-
tory learning and memory.
Taken together, these results attribute to the OB an early pro-
cessing role whereas the locus of memory is more likely,
although not necessarily exclusively, the piriform cortex. Further-
more, the observed accelerated learning (Shimshek et al., 2005)
cannot be solely attributed to the improved discrimination
acuity but might involve contributions from higher forebrain
areas.
Gain of Function at which Cost?
The gain-of-function phenotype described here prompts the
question if other functions of the olfactory system are com-
promised instead. For instance, increased inhibition might
result in a net loss of activity and thus a potentially reduced
signal-to-noise relation for weak stimuli. It could therefore be
speculated that detection thresholds for low odor concentra-
tions or reaction times for detection of odors at low concentra-
tions might be increased. Similarly, more complex tasks such
as foreground-background separation might suffer from subop-
timal inhibition.
Because rapid odor discrimination is a behavioral trait of high
importance for survival, it seems likely that evolution would have
Neuron
Synaptic Inhibition and Odor Discrimination Timeeliminated GluA2 in GCs if there were no negative consequence
associated with it. Nevertheless, this remains purely speculative
until new quantitative behavioral tasks can be employed to iden-
tify these consequences.
EXPERIMENTAL PROCEDURES
Mice Lines
GluA2(GluR-B)2lox, GluA2(GluR-B)DFB, and GluN1(NR1)2lox mice (previous
nomenclature in parentheses, new nomenclature according to Collingridge
et al., 2009) were described previously (Shimshek et al., 2006, 2005).
Acute Targeted Genetic Perturbation
The rAAV-Cre plasmid (Monory et al., 2006) contained the coding sequence for
Cre recombinase, N-terminally fused to the hemagglutinin (HA)-tag and the
SV40 nuclear localization signal in a rAAV plasmid backbone (pAM) containing
the 1.1kb CMV enhancer/chicken b-actin promoter, the woodchuck posttran-
scriptional regulatory element, and the bovine growth hormone polyA. For
physiology experiments we used rAAV constructs containing iCre-2A-Venus
(mitral cell recordings) and iCre-2A-KO (granule cell recordings and Ca2+
imaging, Tang et al., 2009).
The rAAV chimeric vectors (virions containing a 1:1 ratio of AAV1 and AAV2
capsid proteins with AAV2 inverted terminal repeats) were generated as
described elsewhere (Klugmann et al., 2005). The genomic titer of the virus
solution was 3.3 3 1012 particles/ml.
Stereotaxic injections were done as described in Wimmer et al. (2004), but
using a BENCHMARKTM stereotaxic instrument (myNeurolab, St. Louis, MO).
Mice (C57BL6, GluA22lox, and GluN12lox) were injected at postnatal day 21 to
28. GCL-specific injection coordinates were found after a series of dye injec-
tions in the OB. Stereotaxic injection positions were defined relative to the
center of the OB on the dorsal side of the OB. This center point was decided
on the measurements of anterior-posterior and medio-lateral boundaries
when viewing the OB from the dorsal side. The reproducibility of this center
point across different animals was always monitored based on the relative posi-
tion of this point with respect to bregma. At each of the four injection spots
around 200 to 400 nl was injected. All experiments were conducted in accor-
dance with the German animal welfare guidelines specified in the TierSchG.
Expression Analysis
Immunohistochemistry and western blots were performed as described previ-
ously (Shimshek et al., 2005). Details are described in the Supplemental Exper-
imental Procedures. Data are presented as mean and standard error of the
mean (± SEM). Statistical significance was evaluated by two-tailed, unpaired
Student’s t test.
Recording Synaptic Ca2+ Transients
Sagittal olfactory bulb brain slices (thickness 250 mm; P23-45) were prepared of
wild-type and GluA22lox mice injected with AAV-Cre-2A-KO (Tang et al., 2009)
to facilitate targeted patch-clamp recordings. Neurons were visualized using
infrared gradient-contrast illumination (Wimmer et al., 2004) and patched with
pipettes having open tip resistances of 6–8 MU. Somatic whole-cell patch-
clamp recordings were performed using an EPC-9 amplifier (HEKA, Lambrecht,
Germany) following previously published procedures (Egger et al., 2003).
Details are described in the Supplemental Experimental Procedures.
To assess statistical significance levels, the nonparametric Wilcoxon
matched-pairs signed-ranks test was applied for comparing paired data
sets and the Mann-Whitney test for unpaired data; averages are given with
standard deviation (±SD), unless stated otherwise.
Recording Recurrent Inhibition In Vivo
Whole-cell recordings were carried out on mitral cells of the OB of freely
breathing mice anaesthetized with a ketamine (50 mg/kg)/xylazine (5 mg/kg)
mixture as described previously (Margrie et al., 2001, 2002; Margrie and
Schaefer, 2003; Schaefer et al., 2006). All electrophysiological experiments
and analysis were performed blind with respect to the genotype of the animal.
To avoid craniotomies and duratomies in the recording area, GluA2DFB micewith a forebrain-specific deletion of GluA2 were used for in vivo patch-clamp
recordings (Shimshek et al., 2005). GluA2-ablation in the OB is virtually iden-
tical in bothGluA2DFB mice andGluA2DGCL mice (cf. Figure 1 of this manuscript
and Figure 4 of Shimshek et al., 2005).
Respiration was measured using a plethysmograph constructed from a
piezoelectric strap wrapped around the thorax (Kent Scientific Corporation,
Litchfield, CT, USA; (Margrie et al., 2001; Margrie and Schaefer, 2003; Schae-
fer et al., 2006). Patch pipettes had tip resistances of 4-8MUwhen filled with (in
mM): K methansulfonate 130, HEPES 10, KCl 7, EGTA 0.05, Na2 ± ATP 2, Mg2 ±
ATP 2, GTP 0.5, biocytin 0.4% (pH 7.2) with KOH. Recordings were obtained
from a total of 29 mitral cells (generally identified based on location [290 ±
90mm depth], membrane potential [57 ± 17 mV; corrected for LJP of
9.3 mV], input resistance (59 ± 30 MU; all mean ± SD) and respiration-linked
subthreshold oscillation [amplitude: 4.8 ± 3.6 mV, frequency 3.0 ± 1.9 Hz].
DC current was injected to result in on average 0–1 APs per respiration cycle.
To elicit APs, short current pulses were injected, triggered on the respiration
cycle. Hence, only a short baseline of 100 ms was measured before current
injection to ensure a defined reproducible phase with respect to respiration.
Action potentials (APs) were evoked by short (generally 3 ms) square current
injections with an interpulse interval of 8 ms.
Drugs (gabazine, 500 mM; AP5, 500 mM, NBQX, 500 mM, Tocris Bioscience,
Bristol, UK) were superfused over the exposed OB surface using a peristaltic
pump (Ismatec, Glattbrugg, Switzerland) driven perfusion system.
Data analysis is described in detail in the Supplemental Information.
Recording Recurrent Inhibition In Vitro
Horizontal olfactory bulb slices (300 mm thick) were prepared from P40-70 mice
(GluA2DGCL, n = 21, GluN1DGCL, n = 19, C57 BL6, n = 5, controls, n = 26 [GluA2
conditional KO littermates = 21, GluN1 conditional KO littermates = 5]) on a
vibratome while submerged in ice-cold oxygenated sucrose-based Ringer
solution containing (mM): NaCl 85, KCl 2.5, NaHCO3 25, NaH2PO4 1.25,
Sucrose 75, MgCl2 3.3, CaCl2 0.5, glucose 25, ascorbate 0.4, pyruvate 2,
myo-inositol 3. Slices were transferred to a warm (37C) oxygenated incubating
bath for 30 min and then allowed to equilibrate to room temperature before
being transferred to the recording chamber. Extracellular artificial cerebro-
spinal fluid was bubbled with carbogen and contained [mM]: NaCl 125, KCl
2.5, NaHCO3 25, NaH2PO4 1.25, MgCl2 1, CaCl2 2, glucose 25. All experi-
ments were performed at temperatures between 23C and 26C.
Electrophysiological recordings were done as described previously (Wim-
mer et al., 2004). Whole-cell recordings were established using an EPC9 and
EPC10 patch-clamp amplifier (HEKA, Lambrecht, Germany) and pipettes
with resistances of 4–6 MU filled with a solution containing (mM): potassium
gluconate 135, HEPES 10, sodium phosphocreatine 10, MgATP 4, KCl 4,
Na3GTP 0.3 (adjusted to pH 7.2 with KOH). The fluorescent dye Alexa 594
hydrazide (20 mM, Invitrogen, Molecular Probes, Eugene, OR, USA) was
included routinely in the intracellular solution to allow for morphological anal-
ysis. Action potentials (APs) were evoked by short (generally 3 ms) square
current injections with an interpulse interval of 8 ms. Drugs used were
D-Aminophosphonovalerate (APV, 50 mM, Ascent Scientific, Princeton, NJ,
USA), GABAzine (SR95531, 20 mM Ascent Scientific), and BAPTA-AM
(100 mM, Sigma-Aldrich Chemie GmbH, Steinheim, Germany). All procedures
were performed according to the guidelines of the German animal welfare law.
Behavioral Training
Behavioral training started 1 week after surgery and was executed as
described elsewhere (Abraham et al., 2004; Shimshek et al., 2005). In all cases,
the experimenter was blind with respect to the genotype (GluA22lox orC57BL6)
and the injection state (PBS or AAV-Cre). One or two days prior to pretraining,
mice were kept with restricted water access, and body weight was closely
monitored and maintained >85% of their ad lib body weight. Continuous water
restriction was never longer than 12 hr.
Mice were trained on the discrimination task cineol (Cin) versus eugenol (Eu)
for 1300 trials. Subsequently, the animals were trained for 600 trials on the
‘‘simple’’ odor pair (1% amyl acetate (AA) versus 1% ethyl butyrate (EB), and
600 trials of ‘‘difficult’’ odor pairs (mixtures of AA and EB with very similar ratio,
0.6% AA + 0.4% EB v/s 0.4% AA + 0.6% EB, Abraham et al., 2004). Subse-
quently, animals were trained for another simple odor task with different odorsNeuron 65, 399–411, February 11, 2010 ª2010 Elsevier Inc. 409
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Synaptic Inhibition and Odor Discrimination Time(Pelargonic versus Valeric acid) for 800 trials. During the last 140 trials of these
800 trails the memory for Cin versus Eu was measured (see the details below).
This was followed by repetitions of the difficult (600 trials) and simple odor task
(300 trials) with AA and EB to ensure stability of DT measurements (Abraham
et al., 2004). At the end of the training, the animals were sacrificed and used
for immunohistochemical analysis of Cre and western blot analysis of GluA1,
GluA2 and GluN1.
Learning curves were analyzed using the ‘‘normalized integration value’’
(NIV, Doucette et al., 2007). For GluA2, no effect of genotype [F(1,22) = 0.3,
p > 0.5] and no interaction effect genotype x odor pair [F(6,132) = 0.4,
p > 0.8] were found (two-way analysis of variance with repeated measures).
Comparison of NIVs for each odor pair separately showed p > 0.4 for all odors
(Student’s t test). For GluN1, no effect of genotype [F(1,17) = 1.3, p > 0.2] and
no interaction effect genotype3 odor pair [F(6,102) = 1.1, p > 0.3] were found.
Comparison of NIVs for each odor pair separately showed p > 0.1 for all odors
except for the first mixture training (p = 0.07).
Memory was measured as described in Shimshek et al. (2005). In brief,
during the last 100 trials of Cin versus Eu training, only 50% of the S+ trials
were rewarded in order to minimize extinction of the acquired memory during
the subsequent testing task. These trials were excluded for the statistical anal-
ysis of learning curves. To assess memory, individual Cin and Eu trials were
interleaved for the last 140 trials of Pel versus Val training, such that two unre-
warded Cin and two unrewarded Eu trials were included in each block of
20 trials. Memory scores reflect the percentage of correct responses (licking
response to the odor that was rewarded in the initial training session [S+], no
response to the odor that was not rewarded initially [S]).
Odor discrimination times were measured as described previously
(Abraham et al., 2004). In brief, an individual trial is shown in Figure S5. A trial
is initiated by breaking a light beam at the sampling port opening. This opens
one of eight odor valves and a diversion valve (DV) that allows all airflow to be
diverted away from the animal for 500 ms. After the release of the DV, the odor
is applied to the animal for 2 s. If the mouse continuously licks at the lick port
during this time (once in at least three out of four 500 ms bins), it can receive a
4 ml water reward after the end of the 2 s period. If the animal does not contin-
uously lick or if the presented odor was an S odor no reward is supplied.
Odors are presented in a pseudorandomized scheme (no more than two
successive presentations of the same odor).
Upon presentation of a S+ odor, the animal generally continuously breaks
the beam, whereas upon presentation of an S odor an animal familiar with
the apparatus usually quickly retracts its head. ODTs were calculated as
follows: for every time point, beam breakings for S+ and S odors were
compared by bootstrapping, yielding a significance value as a function of
time after odor onset. The last crossing of the p = 0.05 line determined the
discrimination time (DT). In very few cases, this did not coincide with the visu-
ally identified discrimination time [point of largest curvature in the log(p)-t plot]
and was corrected after visual inspection.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at doi:10.1016/
j.neuron.2010.01.009.
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